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The kinase Pyk2 is involved in renal fibrosis by means
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expression in renal tubules
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Unilateral ureteral obstruction is a well-established
experimental model of progressive renal fibrosis. We tested
whether mechanical stretch and subsequent renal tubular
distension might lead to renal fibrosis by first studying renal
tubular epithelial cells in culture. We found that mechanical
stretch induced reactive oxygen species that in turn activated
the cytoplasmic proline-rich tyrosine kinase-2 (Pyk2). This
kinase is abundantly expressed in tubular epithelial cells
where it is activated by several stimuli. Using mice with
deletion of Pyk2 we found that the expression of
transforming growth factor-b1 induced by mechanical stretch
in renal tubular epithelial cells was significantly reduced.
The expression of connective tissue growth factor was also
reduced in the Pyk2/ mice. We also found that expression
of connective tissue growth factor was independent of
transforming growth factor-b1, but dependent on the
Rho-associated coiled-coil forming protein kinase pathway.
Thus, Pyk2 may be an important initiating factor in renal
fibrosis and might be a new therapeutic target for
ameliorating renal fibrosis.
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Renal tubulointerstitial fibrosis is the ultimate common
pathway for various progressive injuries, leading to end-stage
renal disease. Unilateral ureteral obstruction (UUO) is a
well-established experimental model of progressive tubulo-
interstitial fibrosis.1,2 However, the molecular and cellular
mechanisms of renal fibrosis in UUO have not been
completely elucidated. Several studies have indicated that
mechanical stretch and subsequent renal tubular distension
resulting from urine accumulation,3 hypoxia induced by a
marked decline in renal plasma flow,4 increased oxidative
stress,5 and upregulation of monocyte chemoattractant
protein6 and vasoconstrictors including angiotensin7 and
endothelin,8 as well as macrophage-derived cytokines,
particularly transforming growth factor-b1 (TGF-b1),9 may
contribute to obstruction-induced renal damage.
Proline-rich tyrosine kinase 2 (Pyk2), also known as
RAFTK or CAKb, is a cytoplasmic tyrosine kinase that
exhibits 45% amino-acid sequence similarity to focal
adhesion kinase. Pyk2 is activated by various extracellular
stimuli, including agonists of G protein–coupled receptors,
intracellular calcium concentration, inflammatory cytokines,
stress signals, and integrin-mediated cell adhesion.10,11
Therefore, Pyk2 has important roles in diverse phenomena,
such as survival, proliferation, and motility of cells. Pyk2
expression is abundant in renal tubules.12 However, the
pathophysiological importance of Pyk2 in the kidney remains
unknown. We hypothesized that increased Pyk2 expression in
renal tubules may contribute to the development of
interstitial fibrosis. To investigate this possibility, we used
Pyk2-deficient (Pyk2/) mice established in our labora-
tory13 and performed UUO surgery on Pyk2/ and wild-
type mice to determine the role of Pyk2 in tubulointerstitial
injury and renal fibrosis.
RESULTS
UUO-induced renal fibrosis is prevented in Pyk2/ mice
The fibrotic changes induced by UUO are shown in
Figure 1a. The degree of interstitial collagen fibrosis, quanti-
fied as the percentage of interstitial fibrotic area stained by
picrosirius red, was significantly less in Pyk2/ mice than in
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wild-type mice on days 4, 7, and 14 after onset of ureteral
obstruction (1.6±0.3% vs. 3.9±0.6%, 6.5±1.0% vs. 8.9±
0.8%, and 8.4±1.1% vs. 11.9±1.3% on days 4, 7, and 14,
respectively; Po0.05; Figure 1b). Subsequently, quantitative
estimation of tissue collagen abundance revealed the
inhibitory effects of Pyk2 deficiency on collagen deposits
(Figure 1c). In Pyk2/ mice, tissue collagen abundance was
reduced significantly on days 4, 7, and 14 compared with that
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Figure 1 |Proline-rich tyrosine kinase-2 (Pyk2) deficiency prevents renal fibrosis and tubular apoptosis. (a) Picrosirius red staining of
kidneys from both experimental groups was carried out to evaluate interstitial collagen fibrosis. Wild-type and Pyk2/ mice obstructed
kidneys 4, 7, and 14 days after unilateral ureteral obstruction (UUO) surgery. (b) The interstitial fibrotic area stained with picrosirius red was
quantified using a computer-aided image manipulator. (c) In Pyk2/mice, total collagen deposition in the obstructed kidney was reduced.
(d) Immunohistochemical detection and quantitative analysis of a-smooth muscle actin (a-SMA) in kidneys from both experimental groups
after UUO surgery. (e) The a-SMA-positive area was quantified with a computer-aided image manipulator. (f, g) In Pyk2/mice, tubular cell
apoptosis was reduced. Seven mice were analyzed for each group, and 20 randomly selected fields were quantified and averaged to obtain
the value for each animal. *Po0.05 vs. wild-type obstructed kidney.
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in wild-type mice (2.2±0.5 vs. 7.1±0.8, 13.5±1.2 vs. 17.4±
1.8, and 18.1±1.4 vs. 22.8±2.0 mg/mg protein, respectively;
Po0.05). Exaggerated proliferation of myofibroblasts is a
hallmark of fibrosis. A key feature of myofibroblasts is their
contractile function, which is aided by the expression of
a-smooth muscle actin (a-SMA). As shown in Figure 1d, the
a-SMA-positive area increased significantly in the intersti-
tium of UUO kidneys 4, 7, and 14 days after the onset of
ureteral obstruction. However, Pyk2/ UUO mice had
significantly fewer myofibroblasts in their kidneys compared
with the wild-type UUO mice (3.3±0.5% vs. 7.6±0.7%;
12.5±1.1% vs. 17.8±1.2%; 17.5±1.1% vs. 22.5±1.6% on
days 4, 7, and 14, respectively; Po0.05; Figure 1e). These
findings indicate that Pyk2 deficiency ameliorates the
fibrogenic response generated after the onset of ureteral
obstruction. We also observed apoptotic changes after UUO,
using the TUNEL (terminal deoxynucleotidyl transferase
dUTP nick–end labeling) assay. As shown in Figure 1f and g,
UUO in Pyk2 mice on days 7 and 14 revealed a lesser degree
of tubular cell apoptosis compared with that in wild-type
mice (1.1±0.3 vs. 4.0±0.2; 9.6±1.8 vs. 12.7±2.1; and
20.1±2.9 vs. 27.7±3.5, respectively; Po0.05).
Mechanical stretch induces phosphorylation of Pyk2
Next, we explored the mechanisms involved in the response
to mechanical stretching of tubular cells following ureteral
obstruction.14 To investigate the activation of phosphory-
lation of Pyk2 by mechanical stretching, we conducted the
following in vitro study on cultured renal tubular epithelial
cells. Activation of Pyk2 requires phosphorylation of tyrosine
residue 402.15 We carried out western blotting to examine the
level of tyrosine-phosphorylated Pyk2 in renal tubular
epithelial cells after mechanical stretching (Figure 2). Mechan-
ical stretching of the cells induced rapid phosphorylation
of Pyk2 at 5min (2.1-fold increase) that peaked at 15min
(2.8-fold increase). Although the degree of activation
decreased over time, phosphorylation of Pyk2 was sustained
significantly for 60min. Therefore, phosphorylation of Pyk2
and mechanical stretching are associated with each other.
Mechanical stretching of renal tubular epithelial cells
increases intracellular levels of reactive oxygen species (ROS)
Because intrarenal intracellular ROS levels have been
reported to be upregulated in the UUO model,5 we examined
ROS generation in renal tubular epithelial cells induced by
mechanical stretch (15min) by measuring the intensity of
carboxy dichlorofluorescein diacetate staining. We did not
observe any differences in ROS generation between renal
tubular epithelial cells derived from wild-type and Pyk2/
mice (2.8±0.4% and 2.7±0.3% vs. renal tubular epithelial
cells without treatment; Po0.05; Figure 3a and b).
Mechanical stretch–induced Pyk2 activation is redox sensitive
ROS can induce phosphorylation of Pyk2.16 Pretreatment of
renal tubular epithelial cells with the NADPH (nicotinamide
adenine dinucleotide phosphate) oxidase inhibitor diphenyl-
ene iodonium, as well as with the ROS scavenger N-acetyl
cysteine, completely inhibited mechanical stretch–induced
phosphorylation of Pyk2 (Figure 3c and d). These findings
indicate that stretching induces NADPH oxidase activity,
leading to an increase in intracellular ROS levels, which is
crucial for Pyk2 activation.
Effect of Pyk2 deficiency on extracellular signal–regulated
protein kinases 1 and 2 (ERK1/2) and Smad2
Mechanical stretch induced rapid phosphorylation (15–30min)
of ERK1/2 in renal tubular epithelial cells derived from
wild-type mice. However, renal tubular epithelial cells from
Pyk2/ mice did not show stretch-induced phosphorylation
of ERK1/2 (Figure 4a and b). Phosphorylation of Smad2 was
not observed after mechanical stretching in either wild-type or
Pyk2/ mice (Figure 4c and d). These results indicate that
activation of ERK1/2 is decreased in Pyk2/ kidneys and that
Smad2 is not activated by mechanical stretching.
Pyk2 is involved in the production of TGF-b1
TGF-b1, a well-known fibrogenic cytokine, has a key role in
renal fibrosis, as observed in the UUO model.4 As shown in
Figure 5a, real-time quantitative reverse transcriptase-PCR
(qRT-PCR) showed a 1.9-fold increase in TGF-b1 mRNA
following 24 h of mechanical stretching of renal tubular
epithelial cells derived from wild-type mice. Western blotting
also demonstrated that 24 h of mechanical stretch induced
TGF-b1 protein expression (Figure 5b), thereby confirming
the results of a previous report.17 Notably, in this study,
upregulation of TGF-b1 mRNA and its protein by mechan-
ical stretching was never observed in renal tubular epithelial
cells derived from Pyk2/ mice. The addition of PD98059,
a pharmacological inhibitor of ERK1/2, to renal tubular
epithelial cells derived from wild-type mice also resulted in
complete inhibition of TGF-b1 expression. These data
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Figure 2 |Mechanical stretching activates proline-rich tyrosine
kinase-2 (Pyk2) in renal tubular epithelial cells. Renal tubular
epithelial cells from wild-type mice were subjected to cyclic
stretching for various time intervals. Cell lysates were immuno-
blotted with antibodies specific for phosphorylated Pyk2/
(pPyk2/) and total Pyk2. Bar graphs represent intensities of
pPyk2 quantified by scanning densitometry. Data are mean±
s.e.m. of five different experiments. *Po0.05 vs. control (0 time).
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Figure 3 |Mechanical stretching of renal tubular epithelial cells increases intracellular reactive oxygen species (ROS) levels.
(a) Active oxygen assays of renal tubular epithelial cells. Renal tubular epithelial cells derived from wild-type mice and proline-rich tyrosine
kinase 2-deficient (Pyk2/) mice were subjected to mechanical stretching for 15min and then stained with dichlorofluorescein diacetate
(DCF). ROS generation was evaluated from the intracellular intensity of DCF staining. (b) Bar graphs show densitometric analysis of intensity
of DCF. NS, not significant. (c) Renal tubular epithelial cells derived from wild-type mice were incubated with a ROS scavenger, N-acetyl
cysteine (NAC; 10mmol/l) for 2 h, followed by mechanical stretching for 15min. (d) Renal tubular epithelial cells were treated with a
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase inhibitor (diphenylene iodonium (DPI); 10 mmol/l) for 30min, followed
by stretching for 15min. Phosphorylation of Pyk2 (pPyk2) was determined by immunoblotting. The results shown are representative of
five different experiments.
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Figure 4 | Effect of proline-rich tyrosine kinase-2 (Pyk2) deficiency on extracellular signal–regulated protein kinase (ERK) and
Smad2. Renal tubular epithelial cells from wild-type mice were subjected to mechanical stretch for varying time intervals. (a) Cell lysates
were immunoblotted with an anti-phospho-ERK1/2 antibody and an anti-total ERK1/2 antibody. (b) Phosphorylation of ERK1/2 by
mechanical stretch (15min) in renal tubular epithelial cells derived from Pyk2/ mice was compared with that of wild-type mice.
(c) Cell lysates were immunoblotted with an anti-phospho-Smad2 antibody and an anti-total Smad2 antibody. (d) Phosphorylation
of Smad2 due to mechanical stretching (15min) in renal tubular epithelial cells from Pyk2/ mice was compared with that of wild-type
mice. The lower panel shows equal amounts of ERK1/2 and Smad2 applied to each lane. The results shown are representative of three
different experiments.
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suggest that the Pyk2–ERK1/2 pathway mediates stretch-
induced TGF-b1 expression.
Pyk2 is involved in the production of connective tissue
growth factor (CTGF)
The induction of CTGF may be another important factor
in UUO-induced renal fibrosis.18 As shown in Figure 6a,
real-time qRT-PCR showed a 1.6-fold increase in CTGF
mRNA following 4 h of mechanical stretching of renal
tubular epithelial cells derived from wild-type mice. Western
blotting demonstrated that 4 h of mechanical stretching also
induced CTGF protein expression (Figure 6b). Interestingly,
mechanical stretching did not induce CTGF expression in
renal tubular epithelial cells derived from Pyk2/ mice
(Figure 6a and b). The addition of SB431542, that is, an inhi-
bitor of activin receptor–like kinase 5 (a TGF-b1 type 1
receptor), did not affect mechanical stretch–induced CTGF
expression in renal tubular epithelial cells derived from wild-
type mice, indicating that stretch-induced CTGF expression
occurs predominantly through a TGF-b1-independent path-
way. The time course of TGF-b1 and CTGF expression
induced by mechanical stretching also supports the indepen-
dence of CTGF expression. Western blotting showed that the
TGF-b1 protein reached its maximum expression at 24 h. In
contrast, CTGF transcripts were highest at 4 h and were stable
for 24 h (Figure 6c). Thus, CTGF expression in stretched
renal tubular epithelial cells is not correlated with TGF-b1
expression. Subsequently, we verified that CTGF protein in
vivo was upregulated as early as 12 h after ureteral ligation in
wild-type mice, leading to its enhanced expression at 24 h.
However, CTGF expression was not enhanced in Pyk2/
mice (1.8±0.4% vs. 2.2±0.3%; 8.8±1.8% vs. 17.2±2.5%;
10.5±2.1% vs. 28.8±4.3% on days 4, 7, and 14, respectively;
Po0.05; Figure 6d). These results indicate that Pyk2
activation followed by renal tubular distension affects CTGF
expression in vivo.
Upregulation of CTGF is dependent on Rho-associated
coiled-coil forming protein kinase (ROCK) signaling
A recent study demonstrated that Rho-dependent actin
polymerization leads to an increase in CTGF expression in
response to shear stress.18 To determine whether Rho is
involved in stretch-induced CTGF expression in renal tubular
epithelial cells, we used the Rho inhibitor exoenzyme C3
transferase (1.0 mg/ml for 4 h) and ROCK inhibitor Y27632
(10 mmol/l for 1 h). Both compounds caused significant
inhibition of stretch-induced upregulation of CTGF, suggest-
ing that upregulation of CTGF is dependent on Rho/ROCK
signaling (Figure 7).
DISCUSSION
This study showed that renal fibrosis is ameliorated in Pyk2/
mice with UUO; ROS generation stimulates the activation
of Pyk2 in renal tubular epithelial cells; induction of TGF-b1
by mechanical stretching of renal tubular epithelial cells is
reduced in Pyk2/ mice; and CTGF expression is indepen-
dent of TGF-b1 but dependent on the Rho/ROCK pathway.
Moreover, mechanical stretch–induced CTGF expression was
reduced in the renal tubular epithelial cells of Pyk2/ mice.
Our in vivo study showed that Pyk2 deficiency has a
protective effect, significantly attenuating the severity of
fibrosis until day 14. However, whether redundant genetic
pathways would compensate for Pyk2 deficiency during a
longer period of obstruction, as observed in angiotensin type
1 receptor–deficient mice,19 remains unclear, although Pyk2
clearly has a key role in the initiation of renal fibrosis.
An in vitro experimental model of mechanically stretched
renal tubular epithelial cells was used previously to explain
the pathogenesis of UUO-induced renal fibrosis.20 Besides
preventing cell apoptosis caused by Pyk2 deficiency,21,22 we
found that mechanical stretching of renal tubular epithelial
cells derived from wild-type mice induced rapid phosphor-
ylation of Pyk2 and its downstream kinase, ERK1/2. Pyk2
serves as an important nodal kinase in intracellular signaling
events and participates in activation of the mitogen-activated
protein kinase pathway.23 When we added antioxidant agents,
such as N-acetyl cysteine and diphenylene iodonium, to the
culture medium, stretch-induced phosphorylation of Pyk2
was inhibited. These results support the hypothesis that
mechanical stretch–induced phosphorylation of Pyk2 is redox
sensitive and occurs through a NADPH oxidase–dependent
mechanism. Increase in oxidative stress has been suggested to
have a significant role in UUO mice,5 and therefore this
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Figure 5 |Proline-rich tyrosine kinase-2 (Pyk2) is involved
in the production of transforming growth factor-b1 (TGF-b1).
(a) Renal tubular epithelial cells derived from wild-type mice and
Pyk2/ mice were incubated with PD98059 (10mmol/l) for
30min, followed by mechanical stretching for 24 h. Quantitative
real-time reverse transcriptase-PCR (RT-PCR) for TGF-b1 in wild-
type and Pyk2/ renal tubular epithelial cells with and without
PD98059 treatment. GAPDH, glyceraldehyde 3-phosphate
dehydrogenase. *Po0.05 vs. renal tubular epithelial cells without
treatment. (b) Cell lysates were immunoblotted with anti-TGF-b1
antibody and a-tubulin antibody. The results shown are
representative of three different experiments.
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finding supports the hypothesis that activation of Pyk2 is an
important cellular mechanism in renal tubular epithelial cells
in response to UUO. ROS generation by mechanical
stretching in endothelial cells is also mediated by NADPH
oxidase.24 In endothelial cells, mechanical stretch–induced
Pyk2 activity is mediated by Ca2þ -dependent protein kinase
Ca, which increases NADPH oxidase activity for ROS
generation that is crucial for Pyk2 activation.24 In contrast
to endothelial cells, a recent study in T cells demonstrated
that Pyk2 was not mediated by Ca2þ -dependent protein
kinase but instead by an increase in intracellular Ca2þ -
induced Pyk2 activation through ROS generation.25 Never-
theless, both oxidative stress and mechanical force have been
suggested to cause Ca2þ overload in various cells.26,27
Regulation of Pyk2 might involve different mechanisms in
different cell types, and therefore further experiments in renal
tubular epithelial cells are required to determine the
association between Pyk2, Ca2þ mobilization, and ROS.
We examined potential downstream mechanisms that may
be responsible for the protective effect of Pyk2 deficiency. We
found that TGF-b1 was increased markedly in stretched renal
tubular epithelial cells derived from wild-type mice compared
with renal tubular epithelial cells derived from Pyk2/ mice.
Moreover, a recent study demonstrated induction of Pyk2
with downstream activation of ERK1/2 and generation of
TGF-b1 in vascular endothelial cells on the basis of dietary
salt intake.28 TGF-b1 is known to promote the accumulation
of the extracellular matrix by enhanced synthesis of
extracellular matrix proteins and by inhibiting their degrada-
tion.29 Elevated renal TGF-b1 expression has also been
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Figure 6 |Proline-rich tyrosine kinase-2 (Pyk2) is involved in the production of connective tissue growth factor (CTGF). Renal tubular
epithelial cells derived from wild-type mice and Pyk2/ mice were incubated with SB431542 (10 mmol/l) for 1 h, followed by mechanical
stretching for 4 h. (a) Quantitative real-time reverse transcriptase-PCR (RT-PCR) for CTGF in wild-type and Pyk2/ renal tubular epithelial
cells, with or without SB431542 treatment, was carried out. Data are mean±s.e.m. of five experiments. *Po0.05 vs. renal tubular epithelial
cells without treatment. GAPDH, glyceraldehyde 3-phosphate dehydrogenase. (b) Cell lysates were immunoblotted with anti-CTGF and
a-tubulin antibodies. The results shown are representative of three different experiments. (c) Western blotting also revealed stretch-induced
transforming growth factor-b1 (TGF-b1) and CTGF expression in a time-dependent manner. Cell lysates were immunoblotted with
anti-TGF-b1, anti-CTGF, or a-tubulin antibodies. CTGF expression in the stretched renal tubular epithelial cells did not appear to be
dependent on previous upregulation of TGF-b1. Results shown are representative of three different experiments. (d, e) Increased CTGF
expression, downstream of stretch-induced Pyk2 activation, observed in cultured cells occurred in the unilateral ureteral obstruction (UUO)
mice as early as 12 h after ureteral obstruction. Pyk2 deficiency prevented CTGF expression significantly.
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demonstrated in many experimental models of renal fibrosis.
These findings indicate that a Pyk2–ERK1/2–TGF-b1 pathway
is involved in renal fibrosis.
We also observed that mechanical stretch induced CTGF
for 4–24 h in renal tubular epithelial cells. In addition, CTGF
protein was upregulated as early as 12 h after ureteral ligation
in wild-type mice, indicating an association between renal
tubular distension and CTGF expression in the UUO model.
CTGF is believed to be an important factor mediating
downstream events related to the fibrogenic properties of
TGF-b1. A recent report showed that blockade of CTGF
following UUO is associated with downregulation of
common markers of fibrosis modulated by TGF-b1, such as
fibronectin.30 However, in this study, the induction of CTGF
by mechanical stretching was clearly faster than that of TGF-
b1 in renal tubular epithelial cells. In addition, CTGF
expression was not affected by SB431542, supporting its
independence from TGF-b1-dependent pathways. Indeed, we
showed that Rho/ROCK signaling is critical for stretch-
induced CTGF expression in renal tubular epithelial cells. An
interesting study using human umbilical vein endothelial
cells demonstrated that Rho-dependent actin polymerization
leads to a direct increase in CTGF expression in response to
shear stress.18 Mechanical signals are propagated from
extracellular matrix and converge on cell surface adhesion
receptors called integrins. Integrins are connected closely to
the focal adhesion complex, which comprises proteins,
including certain kinases such as focal adhesion kinase and
Pyk2.31 Force-induced assembly of focal adhesion is mediated
by activation of the Rho/ROCK pathway. This study was the
first to examine the activation of Rho–Pyk2 signaling in a
UUO model of obstructive nephropathy; it also observed
how this could be essential for initiation of an early response
to mechanical stretching in renal tubular epithelial cells.
CTGF is believed to be an important factor in chronic
persistent fibrosis. For instance, Mori et al.32 demonstrated
clearly that subcutaneous injection of TGF-b1 for consecutive
days induces transient skin fibrosis. However, to form long-
term fibrotic tissue, the simultaneous application of CTGF
combined with TGF-b1 is required.32 Although most in vitro
experiments for kidney injury have focused on mesangial
cells and fibroblasts, a study by Qi et al.33 demonstrated an
increased production of fibronectin by renal tubular
epithelial cells in response to CTGF. Nevertheless, the
pathways downstream of CTGF signaling in renal tubular
epithelial cells remain unclear. CTGF exerts many of its
biological effects by modulating the effects of other growth
factors, such as bone morphogenetic protein-7 and vascular
endothelial growth factor, and by binding to cell receptors
such as heparan sulfate proteoglycans and multiligand low-
density lipoprotein receptors.34 Further studies are required
to elucidate the signaling pathways and mechanisms by
which stretch-induced CTGF is involved in renal fibrosis.
In summary, we identified Pyk2 as an important renal
fibrotic factor located at a critical crossroad between multiple
branches of fibrosis-related signaling pathways (Figure 8).
Although further experiments should be conducted in future
to integrate the mechanism of signal events in response to
mechanical stretching, targeting the Pyk2 pathway may offer
novel therapeutic strategies for ameliorating renal fibrosis.
MATERIALS AND METHODS
In vivo experimental protocol
Animal studies were reviewed and approved by the institutional
review board of the Kyoto Prefectural University of Medicine.
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Figure 7 |Upregulation of connective tissue growth factor
(CTGF) is dependent on Rho-associated coiled-coil forming
protein kinase (ROCK) signaling. Renal tubular epithelial cells
derived from wild-type and proline-rich tyrosine kinase 2-deficient
(Pyk2/) mice were incubated with exoenzyme C3 transferase
(1.0mg/ml) for 4 h or with Y27632 (10 mmol/l) for 1 h, followed by
mechanical stretching for 4 h. Cell lysates were immunoblotted
with anti-CTGF and a-tubulin antibodies. Bar graphs represent
intensities of CTGF quantified by scanning densitometry. Data are
mean±s.e.m. of five experiments. *Po0.05 vs. renal tubular
epithelial cells without treatment.
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Figure 8 |A schematic model showing the mechanism of
signaling events due to phosphorylation of proline-rich
tyrosine kinase-2 (Pyk2) in response to mechanical stretching.
CTGF, connective tissue growth factor; ERK1/2, extracellular
signal–regulated protein kinases 1 and 2; ROS, reactive oxygen
species; TGF-b1, transforming growth factor-b1.
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Previously, our laboratory developed Pyk2/ mice from the C57Bl/
6 strain.35 Heterozygous mice were intercrossed to produce
homozygous mice. The mice were backcrossed to the C57Bl/6 strain
over three generations and their littermates were used for these
experiments. Male C57BL/6 and Pyk2/ mice underwent UUO
surgery under pentobarbital anesthesia (50mg/kg, intraperitoneally)
at 10 weeks of age. The standard UUO procedure for mice
was used.5
Histology and immunohistochemistry
Kidneys were fixed in 4% paraformaldehyde and embedded in
paraffin. For evaluation of interstitial collagen fibrosis, 3 mm sections
were stained with picrosirius red. The sections were deparaffinized
by baking at 551C for 1 h, hydrated, and stained with Sirius red
F3BA and Fast green FCF (Chondrex, Redmond, WA) for collagen
and noncollagen protein, respectively.36 The tubulointerstitial area
stained with Sirius red (expressed as percentage of total area
excluding glomeruli and large vessels) was evaluated in 20 random,
nonoverlapping, cortical fields at  200 magnification using image
analysis software (Image J 1.39; Research Services Branch, National
Institute of Mental Health, Bethesda, MD) as described previously.37
For quantitative measurement of collagen and total protein, the
dye was eluted from the tissue sections with sodium hydroxide in
methanol. Absorbance at 540 and 605 nm was then determined for
Sirius red F3BA and Fast green FCF–binding protein, respectively.
This assay provided a simple, relative measurement of the ratio of
collagen to total protein.36 The relative amount of collagen in the
samples was calculated and expressed as mg/mg of total protein. For
immunohistochemical analyses of a-SMA and CTGF, the sections
were deparaffinized, washed with phosphate-buffered saline, and
treated with 3% H2O2 in methanol. The samples were incubated for
1 h with mouse monoclonal anti-a-SMA antibody (Dako Japan.,
Tokyo, Japan) and goat polyclonal anti-human CTGF antibody
(Santa Cruz Biotechnologies, Santa Cruz, CA). After incubation
with biotin-conjugated secondary antibodies (Dako), the specimens
for a-SMA were processed using the Mouse-on-Mouse Kit (Vector
Laboratories, Burlingame, CA) and developed with 3,3-diamino-
benzidine tetrahydrochloride. A total of 20 randomly selected fields
were studied by two investigators without knowledge of the origin of
the slides.
TUNEL assay
The TUNEL assay was carried out using a colorimetric TUNEL
System (Promega, Madison, WI).36 In brief, kidney sections were
fixed in 4% paraformaldehyde for 15min and permeabilized with
20 mg/ml proteinase K for 15min. After washing, the slides were
incubated for 1 h at 371C with biotinylated nucleotide incorporated
at the 3-OH DNA ends using the enzyme terminal deoxynucleotidyl
transferase solution. Apoptotic cells were counted using light
microscopy and expressed as number of cells per field.
Cell culture
Primary culture of renal tubular epithelial cells was prepared as
previously described,17 but with some modifications. In brief,
minced kidneys were digested in 1.25mg/ml dispase solution
(Invitrogen, Tokyo, Japan) in a CO2 incubator at 37 1C for 1 h.
The suspension was triturated by pipetting and passed through a
70 mm cell strainer (BD Falcon, Franklin Lakes, NJ). The filtrate,
consisting mainly of dispersed renal tubules, was plated onto silicon
chambers. To characterize the cultured cells, a portion of the filtrate
was cultured on dishes (BD Falcon) and incubated at 37 1C in a CO2
incubator, with the medium (Dulbecco’s modified Eagle’s medium
and 10% fetal bovine serum containing 100 unit/ml penicillin and
0.1mg/ml streptomycin) replaced every 2 days. Purity of primary
renal tubular epithelial cells (90%) after 7 days was determined by
positive staining for anti-human aquaporin-1 (a tubular epithelial
marker; Santa Cruz Biotechnologies), negative staining for anti-
swine vimentin (mesenchymal staining; Dako), and negative
staining for anti-von Willebrand factor (an endothelial cell marker;
Dako) (data not shown).
Mechanical stretching
Cells cultured in silicon chambers (32mm length, 32mm width, and
10mm depth) precoated with 50 mg/ml bovine plasma fibronectin
(Wako Pure Chemical Industries, Osaka, Japan) were subjected to
mechanical stretching using a motor-driven stretching machine
(STREX, Osaka, Japan) with alternate 5-s cycles of stretching and
relaxation at an elongation rate of 15% in a CO2 incubator at 37 1C,
as described previously.17,20,38 Before stretching, pharmacological
inhibitors were added as follows: N-acetyl cysteine (10mmol/l for
2 h; Sigma–Aldrich, Oakville, Canada); diphenylene iodonium
(10mmol/l for 30min; Calbiochem, Gibbstown, NJ); PD98059
(50mmol/l for 1 h; Cell Signaling Technology, Danvers, MA);
SB431542 (10mmol/l for 1 h; Santa Cruz Biotechnologies); Y27632
(10mmol/l for 1 h; Wako); and exoenzyme C3 transferase (1.0 mg/ml
for 4 h; Cytoskeleton, Denver, CO).
Western blotting
Cells were lysed in lysis buffer (Nacalai Tesque, Kyoto, Japan), and
the protein was quantified using an assay kit (Bio-Rad Laboratories,
Hercules, CA). Each protein sample was separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, transferred on to
a membrane, and immunoblotted with rabbit polyclonal anti-Pyk2
(Upstate Biotechnology, Lake Placid, NY), anti-phospho-Pyk2, anti-
ERK1/2, anti-phospho-ERK1/2, anti-phospho-smad2 (Cell Signal-
ing), anti-CTGF, or mouse monoclonal anti-a-tubulin antibody
(Santa Cruz Biotechnologies). Each membrane was then incubated
with horseradish peroxidase–conjugated secondary antibody (GE
Healthcare, Uppsala, Sweden). Signals were detected by enhanced
chemiluminescence using ECL (GE Healthcare), according to the
manufacturer’s instructions.
Active oxygen assay
Renal tubular epithelial cells cultured in a silicon chamber were
treated with Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum for 18–24 h. After the cultures were washed, the
cells were incubated with 10 mmol/l dichlorofluorescein diacetate
(Molecular Probes, Eugene, OR) and 25mg/l saponin (Nacalai
Tesque, Kyoto, Japan) in Hanks’ balanced salt solution at 37 1C
for 5min, as reported previously.39 The cells were examined by
phase-fluorescence microscopy (magnification  200). The number
of positive cells with and without treatment was then counted in at
least 10 different areas in a sample, compared with at least 4
experiments, followed by calculation of the mean cell number. Data
are expressed as the relative difference compared with cells derived
from wild-type mice without stretching.
Real-time qRT-PCR
First-strand cDNA was synthesized from 5 mg of total RNA
(Super Script III First-Strand Synthesis System; Invitrogen). Real-
time qRT-PCR was carried out using primers specific for mouse
TGF-b1, CTGF, and glyceraldehyde 3-phosphate dehydrogenase
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genes, as reported previously.39 PCR amplifications were carried
out using the LightCycler DNA Master SYBR Green I (Roche
Diagnostics, Tokyo, Japan).
Statistical analysis
Results are expressed as mean±s.e.m. Statistical difference was
assessed by single-factor variance (analysis of variance) followed by
unpaired Student’s t-test when appropriate. Nonparametric data
were compared using the Mann–Whitney U-test. Po0.05 was
considered to indicate statistical significance.
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